Abstract-This paper presents a novel actuation technology for robotically assisted MRI-guided interventional procedures. Compact and wireless, the actuators are both powered and controlled by the MRI scanner. The design concept and performance limits are described and derived analytically. Simulation and experiments in a clinical MR scanner are used to validate the analysis and to demonstrate the capability of the approach for needle biopsies. The concepts of actuator locking mechanisms and multi-axis control are also introduced.
I. INTRODUCTION
he importance of robotically-assisted MR-guided interventions is well recognized by the clinical and research communities [1] . In these procedures, the robot provides precision, accuracy, speed and also offers the possibility for remote operation. The high quality images and the well-defined 3D coordinate system provided by MRI facilitate periodic updates to the planned trajectory of the robotic interventional tool and enable compensation for intraoperative organ and tissue deformations [2] .
The development of MRI interventional robotic systems face several challenges related to compatibility and space constraints. The actuators must ensure MRI safety, preserve image quality, and be able to operate unaffected by the scanner's electric and magnetic fields distortion [1] . Several groups worldwide have developed MR-compatible robotic systems [3] [4] [5] [6] [7] [8] [9] . These systems are usually specific to the prostate, breast or brain, and most perform the task of needle guidance for biopsies or interventional therapies.
Conventional actuation principles involving electromagnetic actuators are generally not MR-compatible. Therefore alternative actuation principles are employed, such as ultrasonic motors and pneumatic actuators. For example, the MR-compatible robots of [3] [4] [5] for needle-based interventions all employ ultrasonic motors. MR compatibility measurements demonstrated that when ultrasonic motors are placed inside the MRI bore and are powered on, there is large reduction in imaging SNR [6] . Consequently, actuation and imaging must be interleaved; making the implementation of real-time control more difficult [1] . Ultrasonic motors can be continuously operated only if they are placed at a distance from the bore, but flexibility, backlash and friction are introduced due to remote actuation of joints [5] . Pneumatic actuators, in contrast, do not cause SNR reduction, but they do require a complicated installation that involves locating a control unit, power supplies, amplifiers and valves externally to the MRI shielded room [7, 8] . Furthermore, the pneumatic transmission lines lower the bandwidth and, in combination with the spatial constraints of the MRI bore, complicate robot design [9] .
The contribution of this paper is to propose an actuator technology that is both powered and controlled by the MRI scanner. The principle of operation is based on one or more small ferromagnetic bodies embedded in the actuator that serve to convert the electromagnetic energy of the MR gradients into mechanical energy. The ferromagnetic bodies have a small volume and can be designed to be outside the imaging region of interest. Thus, they do not affect imaging quality. The actuators themselves are also wireless and compact. In addition, since the MR system provides both imaging and control of the interventional procedure using a common software interface, the integration of actuation and imaging is simplified.
The use of MRI gradients to induce motion to ferromagnetic particles in the vasculature has been previously performed [10, 11, 12] . For example, Martel et al. demonstrated closed-loop trajectory control of a 1.5 mm diameter ferromagnetic sphere in the carotid artery of a pig [10, 11] . In these papers, the ferromagnetic particle is the robot. This work inspired us to think of ways to use the same force production principles to design actuators that could power more general interventional robots. The result is the actuator technology described here.
The remainder of the paper is organized as follows: Section II reviews the background theory on the generation of actuator forces by the MRI scanner. Section III describes the design of a prototypical actuator. Actuator dynamics are presented in Section IV and open-loop stability is also analyzed. Section V presents validation experiments performed in a clinical MRI. These experiments demonstrate the force production capabilities of the actuator. They also demonstrate the concept of an actuator locking mechanism to avoid accidental actuator motion as well as to enable independent control of multiple actuators. Conclusions appear in the final section of the paper.
II. BACKGROUND THEORY
When a ferromagnetic body is placed inside an MRI bore, it becomes magnetized due to the strong and uniform B 0 central field directed along the axis of symmetry of the bore. The magnetization across the volume of the body can be
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Panagiotis Vartholomeos, Member, IEEE, Lei Qin and Pierre E. Dupont, Fellow, IEEE T approximated as a lumped effect at the center of mass (CM) of the body [13] . Consequently, the magnetized body is approximated by a magnetic dipole placed at its CM. For typical central field strengths, the magnetization magnitude asymptotically approaches the saturation magnetization value M s of the material, and its direction points along the easy magnetization axis of the body, which depends on the shape anisotropy of the material. The magnetic torque and force acting on the body can be computed using the expressions for the torque T and force F acting on a magnetic dipole in an external field B = B 0 + B g :
where B g is the magnetic field generated by the gradient The magnetic forces F depend on the spatial variation of the field B g , generated by the gradient coils. These comprise a pair of Maxwell coils and four pairs of saddle coils located orthogonal to each other as shown in Fig. 1 , [14] . Resolving the force F of (1b) in the XYZ frame that is attached to the isocenter of the bore (see Fig. 1 ), yields:
where it has been reasonably assumed that M sx , M sy << M sz .
Equation (2) shows that the MRI forces acting on a ferromagnetic body are related to the three gradients of (2). The gradient coils are designed to generate (for imaging purposes) the three linearly independent gradients of (3).
The Maxwell equations state that field lines must form closed loops, however, i.e. ∇ ⋅ B = 0 , and also that they must exhibit zero curl, i.e. ∇ × B = 0 , at any point outside the coil conductors. This implies that it is impossible to generate the gradients in (3) without also generating concomitant gradients. As a result, the complete field B g is given by [15] :
where g is as given in (3), x is the position vector from the origin of the XYZ frame, ẑ is the unit vector along the z-axis and G c is a matrix containing the concomitant gradients and is given by:
Differentiating the x and y components of (4) with respect to the z coordinate yields:
Hence, the gradients of (2) are equal to the imaging gradients of (3) and, furthermore, all three are linearly independent. Thus, they are capable of inducing 3 degree of freedom (DOF) motion in a ferromagnetic body.
III. ACTUATOR DESIGN
The proposed actuator is comparable to an electric motor. It consists of the stator, which, in this case, is comprised of the MRI scanner together with the stationary components of the actuator, and a rotor, which is the rotating portion of the actuator that contains the ferromagnetic material. As depicted in Fig. 2 , the rotor consists of a ferromagnetic object enclosed in a cavity in a lever arm that rotates at a fixed distance about an axis. The cavity must be located at the maximum possible moment arm to provide maximum torque.
The object is contained in a cavity rather than embedded in the lever arm since, by (1a), a large torque would be generated if rotation of the lever arm caused the magnetization vector of the sphere to rotate out of alignment with the B 0 field. Except in the case that the actuator axis was perfectly aligned with the central axis, such a torque would stall the actuator. Therefore, the ferromagnetic body must be free to rotate within its cavity. To minimize friction between the ferromagnetic body and the cavity walls, the geometry of the ferromagnetic body should be selected as spherical and the surfaces of the sphere and cavity should be designed to minimize friction. All actuator components are nonferrous apart from the embedded ferromagnetic body. The preferred ferromagnetic material is chrome steel because it has the second highest saturation magnetization among the ferromagnetic materials (~1.4 ⋅10
6 Am −1 ), it can very easily be machined into spherical shape and its surface has very low roughness [16] .
Rotation of the actuator is generated by applying magnetic field gradients to generate a force F on the ferromagnetic sphere as shown in Fig. 2 . Assuming for simplicity that the xyz frame of the actuator coincides with the XYZ frame of the isocenter of the MRI bore ( Fig. 1) , gravity is directed along the y axis and so does not affect rotor motion.
From the free-body diagram of Fig. 3 , the single degree of freedom motion is described by the following scalar equation
in which J is the moment of inertia of the composite body that comprises the axis, the lever and the sphere, r 1 is as shown in Fig. 3 , b is the coefficient of viscous friction, and θ is the angle of the rotor, and φ is the angle of the magnetic gradient. 
and is a critical parameter for the analysis of the motor. F and φ are given by:
where F x , F z are as given in Eq. (2).
The maximum allowable gradient of a clinical MRI is 40 mT/m, which results in a small magnetic force F (on the order of tens of mN for magnetic volumes of a few mm 3 ). This limitation can be addressed using transmission elements to provide interventional-level forces. Candidate solutions include gear trains, screws and harmonic drives.
The experimental actuator presented later in the paper employs gears together with a rack and pinion to produce linear motion, as illustrated schematically in Fig. 4 . The pinion N 1 is keyed to the lever and transmits the lever motion to the rest of the transmission elements, which consist of three gears, three pinions, and one rack. All rotations as well as the rack translation take place on the x-z plane. The reduction ratio between θ and the rack speed u r is:
The G 1 , G 2 , G 3 are transmission ratios given by:
while N i , {i = 1,.., 6} are the gear teeth, and r 2 is the radius of the N 7 pinion.
To maximize output force, the x-y plane of the rotor has to coincide with the X-Z plane of the MRI bore. Otherwise, part of the magnetic force is used for compensating gravity. If the output force has to be applied at an angle with respect to the x-y plane, then bevel gears can be used to change the axis of rotation.
IV. DYNAMIC MODEL AND STABILITY ANALYSIS
The performance characteristics of the proposed actuator technology can be determined from an analysis of the governing dynamic equations. The analysis focuses on the rotor characteristics, since the stator, i.e. the MRI scanner, cannot be modified. To this end, (9) is extended to incorporate the transmission as well as terms for non-viscous friction and load:
Spherical cavity
Magnetic sphere
Here, R and u r are defined in (10) . The terms J and B are the summation of the inertia and viscous friction terms, respectively, of all transmission stages as seen by the input of the system. The term T fr is the summation of all non-viscous friction terms as seen by the input including the friction component contributed by the ferromagnetic sphere when it slides inside the cavity. The non-viscous friction terms are modeled as constants and F l is the load applied on the tip of the rack. It is reasonably assumed that the eddy currents induced on the millimeter-scale chrome steel sphere are very small and can be neglected [17] .
A. Actuator performance with closed-loop control of slip angle Closed-loop actuator control requires using the MRI scanner to both measure the actuator state and to apply the actuation force. While this approach does require sophisticated and nonstandard MRI programming, it has been previously demonstrated for the navigation of spherical particles in the vasculature [11] .
In a typical robotic intervention, the robot's actuators would be operated in a position or velocity control loop so as to drive the tool, e.g., biopsy needle, to a desired location. In such an application, an inner control loop can be implemented for each actuator that regulates its slip angle to s = π / 2 so as to maximize the force or torque that can be generated by the actuator. The steady-state output linear velocity u r is given by:
where
is constant. Eq. (13) reveals that when the slip angle is regulated at a constant value, then the output velocity u r is linearly related to the output force F l through a negative proportionality constant.
The maximum permissible output load (stall or blocking force) is obtained for u r = 0 ms −1 and is given by:
The mechanism is not able to generate output forces greater than F l _ max . Setting the output force F l to zero yields the maximum output velocity u r _ max . This maximum output velocity corresponds to a maximum rotational velocity of the lever θ max = u r _ max / R , which in turn gives the maximum gradient frequency ω max for a given B grad :
The mechanism is not able to respond to a gradient rotating at frequencies greater than ω max .
B. Actuator performance without control of slip angle
The preceding subsection proposed a nested control structure in which an inner control loop regulates slip angle and an outer loop controls actuator position or velocity. This subsection addresses the simpler case in which slip angle is not controlled. To understand if this approach may suffice for simple interventional applications, this subsection studies the stability of two important cases. The first is when a constant load is applied to the actuator and it is driven at constant velocity. The second case corresponds to a linear elastic load driven at constant velocity. This latter case is comparable to the loading experienced by a biopsy needle pressing against tissue prior to puncture.
1) Constant-velocity constant-load stability
In this case, the MRI scanner is programmed to generate gradients rotating in the X-Z plane at constant frequency ω . The gradients are given by:
In the open loop case, stable operation of the actuator implies the rotor synchronizes with the rotating gradient frequency. To analyze the steady-state behavior of the system in response to the gradients of (17), (12a) is rewritten in state-space form as (18) where the slip angle s is considered a system output and is a linear function of the state x 1 and the input u = ωt . The equilibrium point is found by setting x 1 = ω , x 2 = 0 , and is
where s * is the equilibrium slip angle. The stability of the system of (18) in the vicinity of the equilibrium point is determined via linearization with respect to the (x * 1 , x * 2 ) point. To this end, the system of (18) is rewritten as:
The linearization is evaluated at:
and the linear state equations in vector form are given by e = Ae , where A is the system matrix:
Stability analysis of A shows that the equilibrium point 
2) Constant-velocity elastic-load stability
In biopsy applications, large forces are typically required to puncture tissue layers, however, the load applied to the needle prior to puncture is not constant, but rather is viscoelastic. As an approximation to the viscoelastic tissue deformation force prior to puncture, this subsection considers the effect of an elastic load on the stability of the actuator during constant velocity operation.
In this case, the MRI gradients are as given in (17) . The actuator rotor synchronizes with the constant gradient frequency and the rack pushes at a constant speed against the elastic material. The load force is given by:
where k is the tissue stiffness constant, and l is the deformation of the elastic load. Equation (18) is rewritten as:
For this case, the equilibrium is given by
Repeating the stability analysis of Eqs. (20-23) now yields the system matrix A as:
The term kR 2 is three to five orders of magnitude smaller than Fr 1 and can be neglected. Consequently, e * is again: (1) a stable focus for s Simulation was performed to examine how the steady-state speed of the mechanism, the output force, and the slip angle vary for increasing load. In this section only qualitative results are of interest, therefore gross estimates of the parameter values were used for the simulations. Example plots appear in Fig. 5 . As shown, for approximately 20 seconds, the velocity remains constant as the elastic load deforms. At the same time, the increase in elastic deformation is compensated by a proportional increase in the slip angle (i.e. increase of the input magnetic force F ).
This steady-state operation is maintained until the slip angle approaches π / 2 , at which point the actuator becomes unstable and begins to oscillate about a fixed position and zero velocity. Although the rotary oscillations of the lever are large, the transmitted oscillations to the output stage (the rack) are attenuated by the transmission ratio and so the output force exhibits small-amplitude oscillations about the value of the blocking force. The blocking force is the maximum force that can be applied by the actuator on a load and is equal to F l _ max derived in the case of the controlled slip angle. Hence, when the actuator is pushing against an elastic material it can exert the stall force F l _ max even without controlling the slip angle, albeit with small oscillations. 
V. ACTUATOR CHARACTERIZATION EXPERIMENTS
An actuator prototype was constructed using Lego components as shown in Fig. 6 . Lego components offer a fast, easy and reliable way to build mechanisms that are MRI compatible. All components are plastic except for the beveltype 21-gauge needle, which is made of (non-ferromagnetic) aluminum and the (ferromagnetic) chrome steel sphere. The dimensions of this prototype are 10x6x6 cm.
The experiments were performed in a clinical GE 1.5 T MRI scanner (Milwaukee, WI). The control sequences were programmed using the EPIC API. Important parameters of the mechanisms are presented in Table 1 . Three sets of experiments were conducted in order to validate the actuator concept and analysis. In all experiments, slip angle was uncontrolled. The first set of experiments was designed to estimate the viscous and non-viscous friction terms of the model. With these quantities, the performance under closed-loop control of slip angle can be characterized. The second set of experiments demonstrate tissue puncture on a porcine heart and also evaluate the ability to perform MRI tissue imaging in the presence of the actuator. The third and final set of experiments demonstrates an MRI-controlled locking mechanism.
A. MRI experiment 1: Estimation of friction terms
To estimate actuator friction, the actuator was loaded against a set of calibrated MR-compatible springs fabricated using NiTi wire. The springs were calibrated using standard weights. The four springs were housed in a Lego assembly as shown in Fig. 7 . The spring assembly and the actuator were mounted on a common Plexiglas base and placed at the isocenter of the scanner. Experiments were performed at four different gradient frequencies ω ={1.25,1.45,1.6,2} Hz, and the blocking force was computed from the maximum spring deflection as the actuator followed a trajectory comparable to that of Fig. 5 . Fig. 7a . Calibrated spring set for measuring forces applied to contact surface. The results of the four measurements are plotted in Fig. 8 . The linear interpolation model is given by: Comparing (28) to (26c) for slip angle s = π / 2 rad (blocking force condition), the parameters of viscous friction and nonviscous friction are estimated to be:
Now that all parameter values are known, (13) is used to plot in Fig. 9 the relationship between output force F l and gradient frequency ω , for three different values of B grad . 
B. MRI experiment 2: Porcine heart puncture
This experiment demonstrates an interventional application of the prototype actuator. For these trials, a 21-gauge bevel-tip biopsy needle was attached to the tip of the rack and a swine heart was placed adjacent to the needle tip. Both the heart and the actuator were secured to a Plexiglas base as shown in Fig. 11 and located at the isocenter. Gradient field strengths of 20mT/m and 40mT/m were applied with a rotational frequency of 1Hz. At 20mT/m, the needle failed to puncture the tough, elastic epicardial layer of the heart. At 40mT/m, the needle successfully punctured the epicardial layer and continued to penetrate the softer underlying myocardium to a depth of approximately 15mm. At this point, the actuator was commanded to reverse direction and was successfully withdrawn from the heart. These results are in agreement with the plots of Fig. 9 since it is known that the maximum epicardial puncture forces for swine hearts at a velocity of 1mm/s, lie in the range of 0.5N to 0.9N [18] . According to Fig. 9 , these force requirements are provided by the 40 mT/m input, but not by the 20 mT/m. This experiment appears as an attached video file.
To evaluate the effect of the actuator on tissue imaging, standard imaging sequences were employed to image the biopsy needle inside the heart. While not depicted, it was determined that the SNR signal in the region of interest was unaffected by the ferromagnetic material of the actuator. 
C. MRI experiment 3: Locking mechanism
Most robotic applications involve controlling multiple degrees of freedom. In addition, it is important to ensure that the actuators are not accidentally activated during MR imaging and when moving the system in and out of the MR bore. One approach to addressing both issues is to incorporate a locking mechanism into each actuator that is also MR controlled.
As a simple example of this approach, Fig. 12 depicts a locking mechanism consisting of a bar that pivots about its center of mass. The bar contains a ferrous steel sphere at one end and a nonferrous steel sphere at the other end. Consequently, small gradients along the Y-axis (e.g. 20mT/m) can be used to rotate the bar between its locked and unlocked configurations. In the locked configuration, the locking bar prevents the actuator lever from rotating. 
VI. CONCLUSIONS
This paper presents a novel actuator technology for robotically-assisted MR-guided interventions. The actuator is both powered and controlled by the magnetic fields of the MR scanner. Since the ferromagnetic material of the actuator is small in volume and can be located outside the imaging region of interest, it does not affect image SNR at imaging region.
As demonstrated by analysis and experiments in a clinical 1.5 T scanner, the prototype actuator, constructed from Legos, was capable of generating sufficient force to puncture epicardial tissue. In addition, an MR-powered actuator locking mechanism was demonstrated.
A variety of techniques can be employed to improve the performance characteristics of the actuator. These include the use of low-friction materials for the transmission and bearing surfaces. In addition, the rotor design can be modified to incorporate multiple ferromagnetic spheres and so achieve higher output forces or torques. Furthermore, control of multiple degrees of freedom can be implemented by taking full advantage of the three independent coordinate-direction gradient inputs in combination with more sophisticated locking mechanism designs.
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